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ABSTRACT
We present a simple model that explains the origin of warm diffuse gas seen primarily as highly
ionized absorption line systems in the spectra of background sources. We predict the observed column
densities of several highly ionized transitions such as O VI, O VII, Ne VIII, N V, and Mg X; and present
a unified comparison of the model predictions with absorption lines seen in the Milky Way disk, Milky
Way halo, starburst galaxies, the circumgalactic medium and the intergalactic medium at low and high
redshifts. We show that diffuse gas seen in such diverse environments can be simultaneously explained
by a simple model of radiatively cooling gas. We show that most of such absorption line systems are
consistent with being collisionally ionized, and estimate the maximum likelihood temperature of the
gas in each observation. This model satisfactorily explains why O VI is regularly observed around star-
forming low-z L* galaxies, and why N V is rarely seen around the same galaxies. We further present
some consequences of this model in quantifying the dynamics of the cooling gas around galaxies and
predict the shock velocities associated with such flows. A unique strength of this model is that while it
has only one free (but physically well-constrained) parameter, it nevertheless successfully reproduces
the available data on O VI absorbers in the interstellar, circumgalactic, intra-group, and intergalactic
media, as well as the available data on other absorption-line from highly ionized species.
Subject headings: galaxies: evolution: general—galaxies: high-redshift—intergalactic medium—ISM:
jets and outflows— quasars: absorption lines
1. INTRODUCTION
Quasar absorption line study of galaxies, groups, clus-
ters, and the intergalactic medium (IGM) is one of the
most versatile technique to detect gas which is otherwise
too diffuse to be seen in emission. Our current picture of
galaxy evolution consists of a galaxy sitting at the center
of a dark matter halo and a diffuse and large reservoir of
cool and warm gas that envelopes the galaxy. These halos
of diffuse gas, aptly named the circumgalactic medium
(CGM) harbor large reservoir of gas that drive galaxy
evolution (Tumlinson et al. 2011; Tripp et al. 2011; Bor-
doloi et al. 2014b; Peeples et al. 2014; Zhu & Me´nard
2013a).
Large scale galaxy surveys (York et al. 2000; Lilly et al.
2009), combined with the success of Ultraviolet spec-
troscopy with the Hubble Space Telescope (HST), have
made it possible to systematically map the CGM and to
correlate its properties with the host galaxy properties
and the large-scale environment (Tumlinson et al. 2013;
Stocke et al. 2013; Bordoloi et al. 2011; Chen et al. 2010;
Prochaska et al. 2011; Zhu & Me´nard 2013b; Werk et al.
2013; Stocke et al. 2014; Bordoloi et al. 2014a,b; Zhu
et al. 2014; Borthakur et al. 2015, 2016).
Highly ionized gas in the CGM is particularly inter-
esting. Tumlinson et al. (2011) showed that the pres-
ence of diffuse O VI gas around a galaxy strongly de-
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pends on whether the host galaxy is star-forming or not.
There are also recent observations of O VI absorption
detected in galaxy groups (Stocke et al. 2014; Johnson
et al. 2015). These observations enable us to put lower
limits on the CGM metal mass budgets by assuming a
conservative maximum ionization fractions for the highly
ionized species used in such calculations (Tumlinson et al.
2011; Bordoloi et al. 2014b). Knowing the true physical
mechanism of the ionization of such gas would indeed
reduce the uncertainties in these metal mass estimates.
It was found that the CGM of L* galaxies contain at
least as much Oxygen as in their ISM (Tumlinson et al.
2011). Similarly in the CGM of sub-L* galaxies, masses
for Carbon in the CGM also likely exceed the masses in
the ISM (Bordoloi et al. 2014b). Rare observations of dif-
fuse Ne VIII gas around post-starburst galaxies suggest
that “warm-hot” plasma might contain 10 to 150 times
more mass than the cooler gas phases in post-starburst
winds (Tripp et al. 2011).
Large absorption line surveys have utilized the Far
Ultraviolet Spectroscopic Explorer (FUSE) telescope to
study the hot diffuse “coronal” O VI gas present in the
halo of the Milky Way (Sembach et al. 2003; Fox et al.
2006). They found that such O VI is almost ubiqui-
tously detected in the halo of the Milky Way. Fox et al.
(2006) reported that 47 out of a total of 63 “highly ion-
ized” absorbers are not associated with any 21 cm H I
High Velocity Cloud emission in the halo of the Milky
Way. They further report that 29 out of 38 O VI ab-
sorbers exhibit associated H I absorption seen in the Ly-
man series. Such observations have led many people to
argue that the highly ionized gas may trace different
phases of the diffuse halo gas, and ions such as O VI,
Ne VIII, N V etc, might arise in collisionally-ionized gas
(Fox et al. 2006; Lehner et al. 2011; Fox 2011). Wakker
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et al. (2012) compared the observations of highly ion-
ized gas O VI, N V, Si IV, C IV to different theoret-
ical models. They compared the column density ra-
tios of such species to different models including colli-
sional ionization equilibrium (Gnat & Sternberg 2007),
shock ionization (Dopita & Sutherland 1996), turbulent
mixing layers (Slavin et al. 1993), conductive interfaces
(Borkowski et al. 1990), static non-equilibrium ionization
radiative cooling (Edgar & Chevalier 1986), thick disk
supernovae (Shelton 1998), radiative cooling gas flows
(Benjamin 1994) etc. Wakker et al. (2012) found that
non-equilibrium ionization radiative cooling is important
in producing such gas, but these models can not to ex-
plain the full suite of observations. It is difficult to ex-
plain the ratio of N V to O VI column densities with a
single density pure photoionization model (Werk et al.
2016). Recent work by Thompson et al. (2016) has ex-
plored mechanics of the origin of the warm CGM gas as
being in hot galactic winds cooling radiatively on large
scales. But detailed comparison to observations have not
been performed on such models.
Observations of circumgalactic and intergalactic O VI
absorption at higher redshifts have made inferring the
origin of such highly ionized absorption even more dif-
ficult. In CGM surveys such as COS-Halos (Tumlinson
et al. 2013; Werk et al. 2013), it is seen that the warm
O VI absorbers almost always have associated H I ab-
sorption. The kinematics of such H I gas suggest that
they are typicality cooler < 105K gas (Tumlinson et al.
2013). However, other observations have found that
there are also rare examples where no H I gas is ob-
served that is associated with the observed O VI absorp-
tion (Stocke et al. 2014). Further, increasing numbers of
warm O VI absorbers with associated broad H I absorp-
tion are also being reported (Tripp et al. 2001; Savage
et al. 2011). Savage et al. (2014) recently reported that
31% (14/45) of their sample of O VI absorbers lie in the
temperature range of 5 < log T < 6.
In this work, we employ a simple model introduced by
Heckman et al. (2002) that can explain the available ob-
servations simultaneously and which can give insight into
the origin of the gas around galaxies. They argued that
most of the observed O VI absorption-line systems can
be explained as collisionally ionized gas radiatively cool-
ing behind a shock or other type of radiatively-cooling
flow. We stress that this cooling flow model is a generic
description of how highly ionized absorbers originate and
it doesn’t make any assumptions about which astrophys-
ical processes create the cooling flows or cooling shocks.
There are plenty of astrophysical processes which are
capable and indeed expected to generate these cooling
flows. Such cooling flows may arise in galactic outflows
or accretion flows into galactic halos as gas cools radia-
tively behind shocks or as gas collapses in cooling insta-
bilities. The gas in the cooling flow cools radiatively and
different highly ionized species such as O VI, Ne VIII etc.
would be created along the cooling flow, in regions which
are at temperatures at which the CIE ionic abundance
of that species would allow it to exist. The line widths of
these absorption lines depend on the cooling velocities in
the region where that ionic species is created. Complex
multiple absorption line systems along one line of sight
would require several cooling layers or multiple shocks
along that line of sight to explain its origin.
Our aims in this paper are (1) to explore the cooling
flow model by Heckman et al. (2002) in more detail by
examining the flow conservation equations, and (2) to
apply the cooling flow model to describe new and mostly
Hubble Space Telescope ultraviolet observations of highly
ionized O VI, Ne VIII, N V gas that has been performed
in recent years, and constrain the origin of these highly
ionized absorption line systems.
This paper is organized as follows. In Section 2 we de-
scribe the observations that are used to compare with the
cooling flow model. In Section 3 we describe the theory of
a cooling flow model for any radiatively cooling species.
In section 4 we discuss how to compare this model to
observations. In section 5 we compare this model with
observations. In Section 6 we describe the dynamics of
the cooling gas, and finally in section 7 we summarize
our findings.
2. THE OBSERVATIONS
In this section we list all the observations that have
been compiled from the literature to be used in this work.
This compilation is not exhaustive and it is not meant to
be a complete summary of all the observations to date.
It is simply an extensive compilation of several works
that represent observations covering a diverse range of
environments: the disk of the Milky Way, the Milky Way
halo, starburst galaxies, the low redshift IGM, the CGM
around z ≈ 0.2 L* galaxies, and the absorption lines
detected around z ≈ 2–3 galaxies.
The primary measurements pertinent to our analysis
are the column densities of various ionic species and their
line widths (second moment of the line profiles). We use
the Voigt profile column densities from the literature and
the fitted Doppler b (bD) parameters, which is translated
to line widths as ∆v = 3bD/
√
2. We consider data that
have been published from the following works: the O VI
data used for this work are collected from low and high
redshift CGM studies of COS-Halos survey (Tumlinson
et al. 2011), the KODIAQ survey (Lehner et al. 2014), ob-
servations of starburst galaxies Grimes et al. (2009), ob-
servations along the disk of the Milky Way (Bowen et al.
2008), and several IGM low and moderate redshift stud-
ies (Tripp et al. 2008; Meiring et al. 2013; Stocke et al.
2014; Savage et al. 2005; Burchett et al. 2015; Pachat
et al. 2017; Qu & Bregman 2016).
The Ne VIII doublet is harder to observe, as it has
extremely blue rest frame wavelengths of 770.4 A˚ and
780.3 A˚. There are only handful of detection of Ne VIII,
primarily in high S/N HST/COS or FUSE spectra pre-
sented in several publications (Savage et al. 2005, 2011;
Narayanan et al. 2009, 2011; Meiring et al. 2013; Hussain
et al. 2015; Qu & Bregman 2016; Pachat et al. 2017).
We also include a new Ne VIII absorption detected to-
wards QSO J1154+4635. This observation was done un-
der HST PID (13852; PI Bordoloi). We detect O VI along
with Ne VIII and H I along this sight line and the spec-
trum is show as Figure A.1 in the Appendix. The mea-
sured O VI column density and Doppler line width for
this absorber are log NOV I/cm
−2 = 14.71±0.03, and
bOV I = 99 ± 11 kms−1. The measured Ne VIII col-
umn density and Doppler line width for this absorber
are log NNeV III/cm
−2 = 14.65±0.08, and bNeV III =
187 ± 39 kms−1.
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Fig. 1.— Model predictions for cooling flow column densities
for several ions of abundant elements plotted at the temperature
where each ion has its maximum fractional abundance assuming
CIE. For simplicity, the model column densities are computed at
the isothermal sound speed at that temperature.
N V is not commonly seen in the absorption line stud-
ies. We have compiled the handful of N V observations
from COS-Halos (Werk et al. 2013), high redshift N V
measurements associated with DLAs (Fox et al. 2009),
low redshift IGM observations of of (Savage et al. 2005;
Burchett et al. 2015) and the Milky Way HVC observa-
tions of (Lehner et al. 2011).
Lastly, we present measurements of O VII absorption
lines with high resolution Chandra and XMM-Newton
spectra, that trace the warm and ionized gas of the Milky
Way halo (Gupta et al. 2012). The O VII column den-
sities were estimated using the curve of growth analysis.
The low velocity resolution of the spectra made it impos-
sible to directly measure the O VII line widths. Multiple
absorption lines from the same ions were used to place
limits on the column density and the Doppler b parame-
ters of the O VII transitions (Gupta et al. 2012).
3. THEORY
3.1. The Cooling Flow Model
In this section we briefly explain the cooling flow model
for any radiatively cooling species that can be observed as
an absorption line system. Let us consider the situation
in which gas is cooling radiatively at a temperature T
and the number density of ions in the gas is n. The total
ionic column density for that gas is given as
N =
∫
LOS
n dl ∼ n L (1)
Here the integration is performed over the path length
(L) of the cooling region. The total column density
of that cooling gas is also written as Ncool = N˙tcool,
where tcool is the cooling time and N˙ is the cooling rate
per unit area. We can now write these expressions in
the form N˙/n = L/tcool. We see that N˙/n has the di-
mensions of a velocity. In this paper, we are only con-
sidering those physical situations in which N˙/n corre-
sponds to the actual bulk velocity of the cooling gas.
We define these situations as cooling flows, and define
vcool = Lcool/tcool = N˙/n as the cooling velocity. We
can rewrite equation 1 as
Ncool = n tcool vcool, (2)
The cooling velocity is a characteristic speed of the
cooling flow at a given temperature T and it may be
subsonic or supersonic with respect to the isothermal
sound speed at T , Cs. In the case of a cooling insta-
bility, vcool ∼ Cs. In the case of a radiative shock, the
cooling velocity is the flow velocity in the post-shock cool-
ing region in which the cooling length lcool ∼ vcooltcool.
In cooling galactic winds or accretion flows, vcool may
exceed Cs.
Generally, in the case of radiative cooling of gas at
temperature T and metallicity Z,
tcool =
3kBT
nΛ(T,Z)
, (3)
so that the product n tcool depends only on T and Z.
Here, kB is the Boltzmann constant and Λ(T,Z) is the
cooling function in the units of erg cm3 s−1. ( Λ(T,Z) is
often written as Λ/n2H in the literature, e.g. Katz et al.
1996). We make the approximation that the electron
density (ne) is the same as the ion density (ne = n).
Using Equation 2, Equation 3 can be rewritten as
Ncool =
3kBT
Λ(T,Z)
vcool. (4)
This expression shows that Ncool is independent of den-
sity for radiatively cooling gas. We now move on and
write down the expression for the column density of any
specific radiatively cooling metal ion X. Taking the ionic
fraction of X at temperature TX as fX(T ) we can write
the column density of that ion NX as,
NX =
3kBTX
Λ(TX , Z)
vcool
(
X
H
)

Z fX . (5)
We know
(
X
H
) ∝ Z. For CIE, the cooling function can
be approximated as Λ ∝ Z0.7 over the range log T = 4.7
to 6.3 and log Z = -2.0 to +0.5 (Sutherland & Dopita
1993). This corresponds to the regimes over which the
primary coolants are metal lines. This then implies that
NX only weakly depends on the metallicity. But in CIE,
the ionic fraction of an ion (fX) is typically appreciable
over a narrow range of temperature centered around the
temperature at which fX is maximum. Therefore NX
can be approximated by replacing T ≡ TX in equation 5.
Throughout this work, we use the collisional ionization
equilibrium (CIE) cooling function computed by Oppen-
heimer & Schaye (2013).
In equation 5, vcool is the cooling velocity in the region
where that species exist. When comparing with data, we
will show in section 4 that vcool can be approximated by
the observed line width (∆v) of the absorption profile.
We will assume that the ionized gas associated with an
observed individual absorber exists at a column density
weighted mean temperature (< T >). Using < T > and
the observed line width we will compute the expected
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Fig. 2.— Cooling model prediction surfaces for O VI (top left), Ne VIII (top right), Mg X (bottom left) and N V (bottom right) respectively.
At a fixed temperature the cooling flow column densities increase linearly with line width. At a fixed velocity the cooling flow column
densities vary as a function of the fractional ionic abundance of that species. The solid black lines mark contours of constant column
density.
model column density (NX) from equation 5. A predic-
tion of this model is that NX is proportional to vcool (and
therefore ∆v), and < T > is the only independent (but
constrainable) parameter. Before we proceed to compare
this theory to observations, we will first present some
simple estimates of expected column densities for differ-
ent ions with rough approximate values of vcool and T .
3.2. Simple Estimates of Column Density
Using equation 5 we can estimate the typical column
density for O VI gas in a cooling flow, at a tempera-
ture (T ≈ 105.5 K) where the ionic fraction of O VI
is maximum (fOV I = 0.22). This yields NOV I =
3.16 × 1014(vcool/100 kms−1) cm−2. This implies that
if all O VI gas exists at a constant ionic fraction (fOV I),
the observed O VI column densities are directly propor-
tional to vcool. For example, O VI created in gas radia-
tively cooling behind a shock, stronger O VI absorption
systems would be associated with higher post-shock ve-
locities in the O VI zone.
We present the cooling flow column densities for several
ionized species in Figure 1, to show the relative column
densities of different ionization states. To simplify these
calculations, we assume that each ionization state exists
at a temperature at which the ionic species has the maxi-
mum fractional abundance (in CIE). We assume that the
cooling velocity vcool is the isothermal speed of sound
(Cs) for each species at that temperature (i.e. Mach
Number, M =1), i.e. we are assuming that the column
densities of an ionization state of a gas (e.g. O VI), is
produced by a gas flow that is radiatively cooling from a
high initial temperature to a temperature T at which that
ionic species has the maximum fractional abundance. We
emphasize that these simple estimates are for illustra-
tive purposes, to enable us to inter-compare the different
species using the most physically natural values for T and
vcool. Later, we will show that the assumption vcool ∼ Cs
is buttressed by the data for O VI.
Figure 1 shows the cooling flow column densities for
various ionization states of Oxygen (blue squares), Neon
(teal diamonds), Magnesium (red circles), Nitrogen (cyan
crosses), Carbon (green diamonds) and Silicon (open di-
amonds), respectively. This figure presents the typical
cooling column densities for each species at its peak frac-
tional abundance temperature and shows the difference
in relative column densities of different species. In such
a cooling flow, the column density for O VI, Ne VIII and
N V are logNO VI = 14.4, logNNe VIII = 14.6 and
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logNN V = 13.3, respectively.
Equation 5 shows that the cooling flow column density
depends on the cooling temperature and the cooling ve-
locity of that species. Hence we can represent equation 5
as a 2D surface, in temperature and velocity space. Fig-
ure 2 shows the cooling flow model predictions for four
abundant species O VI, Ne VIII, Mg X and N V, respec-
tively. We see that at a fixed temperature (assuming no
thermal motion), the cooling column density and cooling
velocities have almost a linear relationship. But at a fixed
velocity, the cooling column density essentially depends
on the fractional abundance of that species at CIE. At
a given cooling velocity, the maximum cooling flow col-
umn density would always be observed at a temperature
at which the fractional abundance of that species is maxi-
mum. The solid black lines show the contours of constant
column density for each species. The enclosed numbers
indicate the column density at which the contour line is
drawn.
To better visualize the physical scenario of model pre-
sented here; in Figure 3 we show part of the Cygnus Loop
supernova remnant rendered with DSS POSS2-blue data.
The filamentary structures seen in the image are shock
fronts propagating into the ISM, driven by a supernova
explosion. As the shock wave travels outward, the gas
behind the shock wave will cool radiatively and warm
ionized gas such as O VI will be created behind the shock.
In Figure 3, the red square marks the position of a back-
ground blue star KPD 2055+3111, which was observed
with the Far Ultraviolet Spectroscopic Explorer (FUSE)
spectrograph (Blair et al. 2009). The UV spectrum was
used to probe the O VI gas in the Cygnus loop and Blair
et al. (2009) reported that the line of sight is passing
through a curved structure in the Cygnus Loop. They
reported that there are two O VI absorption component
separated 105 kms−1 apart. The redshifted component is
blended with stellar H2 lines and therefore the only clean
O VI absorption that can be identified as a blueshifted
component with log NOVI = 4.7 ×1014 cm−2 and bOV I
= 82 kms−1 . These values are consistent with the pre-
dicted values of the model described above (see Section
5 for more discussions).
4. RELATING OBSERVED LINE WIDTH TO COOLING
VELOCITY
In order to compare the model predictions with actual
observations, we need to relate the observed line profile
widths (∆v) to the cooling flow velocity vcool. If there is
no flow, the absorption lines have a width purely due to
thermal broadening given by vth = (2kT/m)
1/2 kms−1.
However for radiatively cooling gas, the observed line
width is due to a combination of pure thermal broadening
and broadening due to cooling flow. For example, in case
of gas cooling radiatively behind a shock, this velocity
would be the post-shock velocity in the region behind the
shock, where the observed species would exist. We can
write down ∆v as a combination of cooling flow velocity,
and thermal broadening.
(∆v)2 = v2cool + v
2
th . (6)
One issue that arises is how to relate the observed line
width to the actual flow velocity. More precisely, the
observed line width represents the spread in the flow ve-
N
E
Fig. 3.— The Cygnus Loop supernova remnant is shown using
DSS POSS2-blue data. The filamentary structure shows the shock
waves propagating outwards (direction shown by the gray arrow).
In our model, warm ionized gas such as O VI will be created by gas
radiatively cooling behind such shock structures. The red square
shows the position of blue star KPD 2055+3111, which was used
to study the gas kinematics in this line of sight. The properties of
the detected O VI absorption-line agree well with the model of a
cooling flow we describe in this paper.
locity across the region where the column density of the
particular ion is significant (rather than the flow velocity
itself). We address this issue below where we show that
along a cooling flow streamline the ratio of the line width
and flow velocity is given by ∆v/v ∼ ∆T/T (the ratio
of the range in temperature to the mean temperature in
the region where the ionic column density is significant).
If ∆T/T is of order unity, then ∆v/v is of order unity,
and we can approximate ∆v ∼ v ∼ vcool, justifying the
use of the line width as an estimate of the flow velocity.
Consider a one-dimensional flow along a streamline,
where the external physics drivers of the flow are chang-
ing on a sufficiently long scale length. If we assume that
highly ionized species (e.g. O VI, Ne VIII), are formed
as the hot gas radiatively cools along the streamline, we
can write down the conservation equations for the flow
as
M˙ = ρv; (7)
P + M˙v = Π; (8)
P = ρRT. (9)
Here mass flux (M˙) and momentum flux (Π) are con-
served, and R = (kB/µmH). T is the temperature of
the cooling gas, P is the pressure, ρ is the density and v
is the velocity of the flow at temperature T . Combining
these equations we can write
T =
v[v∞ − v]
R ; (10)
where v∞ = Π/M˙ . The velocity v∞ is a fiducial velocity
along the flow that has different meanings dependent on
the astrophysical conditions. For example, it can be: (1)
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Fig. 4.— 1D shock calculations showing the HI, O VI and Ne VIII number densities (panel a), cumulative O VI and Ne VIII column
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profiles are shown in panel d.
the pre-shock velocity; or (2) the terminal velocity of a
cooling supersonic outflow; or (3) the terminal velocity
of an accreting cooling flow. In all cases the thermal
pressure at v∞ is assumed to be negligible. If the gas
velocity in the cooling region is significantly slowed (i.e.
if v∞  v), equation 10 becomes
T ∼ vv∞R ; (11)
giving a linear relationship between T and v (lower T ,
lower v);
∆T
T
∼ ∆v
v
. (12)
This implies that the gas temperature in the flow
changes monotonically. More exactly, using the conser-
vation equations, ∆v/v = l∆T/T , where l = (v∞ −
v)/(v∞ − 2v). Equivalently, the logarithmic derivative
can be written in terms of temperature and v∞:
l =
∆ log v
∆ log T
= ±Y (1− Y )−1/2(1± (1− Y )1/2)−1 (13)
with Y = 4RT/v∞2. In the limit v∞ → 0, |l| = 1/2,
while in the limit v∞ → 4v, as in a strong shock,
|l| = 3/2, and |l| varies monotonically between these lim-
its. Thus the relation ∆v/v = l∆T/T helps justify the
assumption ∆v ∼ v ∼ vcool.
In Section 3.1 we noted that vcool may be subsonic or
supersonic with respect to the sound speed in the cooling
flow, Cs, at temperature T . Both cases are supported by
the cooling flow model. The subsonic case is easy to un-
derstand, as the flow can be considered nearly isobaric
due to sound waves crossing the cooling region. The
isobaric condition together with mass conservation di-
rectly give T ∝ v. The supersonic case is justified as fol-
lows: Combining the flow conservation equations (7) to
(9) yields v∞ = v+C2s/v. Putting vcool = v and multiply-
ing by v, one obtains v2cool +C
2
s = v∞v. Comparing this
to Equation (6), we see that (∆v)2 = v∞v. For the su-
personic case, v ∼ v∞, and so, here too, v ∼ ∆v ∼ vcool.
We describe the interpretation of subsonic and supersonic
cooling flow velocities in more detail in Section 6.
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Fig. 5.— Observed O VI (top left panel), Ne VIII (top right panel), N V (bottom left panel), and O VII (bottom right panel) column
densities vs line widths from literature. The black lines show the predicted cooling flow column densities at different temperatures, with
(dashed and dotted lines) and without (solid lines) thermal broadening, respectively. The velocity along x-axis corresponds to observed line
widths for the data and vcool for the model predictions. The yellow circle shows the location of the O VI and Ne VIII lines produced in
the numerical shock model described in section 4. The cooling flow and shock models match the observations remarkably well for a range
of observations.
In Section 6, we will see that the supersonic flows seem
to be mainly down-the-barrel winds and QSO sight lines
through the CGM. In both cases there are geometri-
cal arguments that could underpin the assumption that
∆v ∼ v ∼ vcool. In the case of the CGM, Heckman
et al. (2017) made models of radial outflows that allow
one to relate the line width to the flow speed, taking into
account the variation in projection effects along a line-
of-sight. In the starburst winds, we are seeing absorp-
tion against a spatially extended source (the starburst)
whose size is not negligible relative to the column-density
weighted size of the outflow. Again, projection effects
integrated over all the lines-of-sight to the starburst will
lead to a line-width ∆v of order v.
Looking at the fractional ionization curve for O VI, we
find that most of the exists in a temperature range of
∆T/T ∼ O(1), and thus the width of the O VI line in
velocity would be ∆v/v ∼ O(1). In such a case the cool-
ing velocity at temperature T is approximately the line
width ∆v as defined by equation 6. Thus, the cooling
flow column density, Ncool = ntcoolvcool, can be accu-
rately estimated by using the line width, ∆v, as a proxy
for the cooling velocity, vcool.
To corroborate the above assumptions and calcula-
tions, we performed a series of time-dependent simu-
lations of strong radiative shocks, and estimated l be-
hind the shock. For the simulations, we used the
Eulerian Godunov-type (shock-capturing) hydrodynamic
code PLUTO (Mignone et al. 2007), and adapted the ra-
diative cooling module provided within Tes¸ileanu et al.
(2008) to the tabulated radiative cooling function of Op-
penheimer & Schaye (2013). The cooling is handled by
operator-splitting, whereby the rate of change of internal
energy due to cooling is integrated over a hydrodynami-
cal time step with the fourth order Cash-Karp method.
Where cooling is strong, the global timestep is reduced
to be at most 10% of the cell cooling time.
The shock models are one-dimensional, and the solu-
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tion is sought on a uniform grid with a spatial resolu-
tion of at least a few thousand cells per cooling length.
The boundaries of the grid are set to free-flowing bound-
aries. We use the two-shock Riemann solver, a piecewise-
parabolic reconstruction, and 3rd order Runge-Kutta
time integration. The shocks are initiated with “impul-
sive” initial conditions (Pittard et al. 2005), a Riemann
problem in which the upstream part of the grid is initial-
ized with the values of the pre-shock medium, and the
downstream part of the grid is initialized with the dis-
tant post-shock state of the gas, the cool dense layer at
the minimum post-shock temperature.
At first, a shock wave and a rarefaction wave prop-
agate away from the discontinuity, forming the cooling
region in between. The system typically undergoes sev-
eral compressional oscillations of the cooling region with
periods of order the cooling time, before settling into
a quasi-steady state. However, for some shock parame-
ters the solution displays a limit-cycle behavior, the well-
known cooling overstability (Langer et al. 1981), whereby
the cyclical compression and expansion of the cooling re-
gion remains undamped. The advantage of the impul-
sive shock setup is that we always remain in the frame of
the mean shock location throughout the simulations and,
because the distant upstream and downstream remain in
momentum balance, the shock never runs off the grid.
Figure 4 shows the results of this exercise. We set up
a shock with a post-shock temperature = 106K, density
= 1.0 × 10−3 particles/cm3 and a shock speed = 200
kms−1. The shock Mach number is 1.8 and the shock
is marginally thermally overstable. The shock struc-
tures were therefore averaged over 16 cooling times in
the frame of the shock front. Panel (a) shows the HI
(dashed line), O VI (blue line), and Ne VIII (cyan line)
number densities associated with the average shock struc-
ture. Panel (b) shows the cumulative column densities
for O VI (blue line), Ne VIII (cyan line), and the shock
temperature profile (red line). Panel (c) shows the cal-
culated l = ∆ log v/∆ log T values behind the shock
front. The yellow shaded region in the bottom panel
shows the interval in the postshock region where l is be-
tween l = 3/2 and l = 1/2. This is the region where
equation 12 is valid. Looking at the bottom and mid-
dle panels it is also clear that in this shock, most of the
O VI and Ne VIII column densities are originating from
a region where l is between l = 3/2 and l = 1/2. The
vertical dotted lines in all three panels mark the location
of the shock front. Also, the post-shock regions where
O VI and Ne VIII gas are created are physically distinct
and have different post-shock velocities.
We compute the synthetic O VI and Ne VIII absorp-
tion profiles for this shock for a line of sight that is
perpendicular the shock front as shown in panel (b) of
Figure 4. This yields an O VI absorption profile with
log NOV I/cm
−2 = 14.26 and a Ne VIII absorption pro-
file with log NNeV III/cm
−2 = 13.72, and are shown in
panel (d), Figure 4. The red ticks mark the location of
the line centers. If the shock moves toward the observer,
the O VI and Ne VIII absorption lines are blueshifted
with respect to the undisturbed medium. The velocity
gradient in the swept up gas leads to a broadening of
order ∆v/v ∼ ∆T/T . The synthetic O VI line has a line
width (line width containing 3σ of the total absorption)
∆v =65 kms−1 and the synthetic Ne VIII line has a line
width ∆v =88 kms−1. The line ratio of O VI to Ne VIII
line is ∼ 0.54, similar to what is seen in observations. We
plot these synthetic data points along with actual data in
Figure 5 as filled yellow circles and see that the synthetic
data is similar to what we find in observations. Because
the structure of this shock is known, we will compute
the O VI and Ne VIII absorption profiles predicted by
the cooling flow model. Using the mean temperatures at
which bulk of O VI and Ne VIII are created and the post
shock velocities at these regions, the cooling flow model
predicts the mean O VI and Ne VIII column densities as
log NOV I/cm
−2 = 14.2 and log NNeV III/cm−2 = 13.75
respectively. The dashed red lines in Figure 4 panel (d)
show the cooling flow model predicted absorption pro-
files for this shock front. They are very similar to the
absorption profiles computed from the numerical shock
model simulation.
The fact that the line widths of O VI and Ne VIII are
significantly different is an interesting (and testable) pre-
diction of this model. In both cases the line-widths are
approximately the isothermal speed-of-sound for gas at a
temperature where the ionic species reaches peak abun-
dance (Cs = 62 kms
−1 for TOV I = 105.45 K vs. Cs = 98
kms−1 for TNeV III = 105.85 K).
5. COMPARISON WITH DATA
In this section we study how the predictions of the
model column densities as given in equation 5, compare
with real data. To compare with models, we identify ∆v
with a line width that contains 99.7% (3σ) of the total
absorption for any absorption line profile from its Voigt
profile fit. This is described in the previous section. For
any line profile quantified with a Voigt profile, and having
a Doppler parameter bD, we compute ∆v = 3bD/
√
2.
Figure 5 shows the comparison of the cooling flow
column density predictions with observations for O VI,
Ne VIII, N V, and O VII respectively. Figure 5, top left
panel shows the O VI column densities and absorption
line widths as filled points, color coded to reflect the dif-
ferent studies from which they are collected. To com-
pare to the model, we need to assume a column-density-
weighted mean temperature for the observed ion. We
denote these by < T >.
The black lines in the top panel show the predicted
cooling flow column densities for O VI at log < T >
= 5.5 (the temperature at which fractional abundance
of O VI is maximum) without thermal broadening (solid
line) and with thermal broadening (dashed line), respec-
tively. The dotted black line shows the predicted O VI
cooling flow column densities at log < T > = 6. Based
on our model, the different O VI absorption line systems
can be divided into two regimes that spans over two
decades in column densities and over one decade in line
width. For absorbers with ∆v & 30 kms−1, the column
density increases linearly with line width, while at lower
line widths the column densities fall of sharply. Differ-
ent O VI systems preferentially occupy different part of
the diagram. The O VI systems of down the-barrel ob-
servations of starburst galaxies (red diamonds; Grimes
et al. 2009), tend to have highest column densities and
broader line widths. The O VI systems found around
massive galaxy groups, which are possibly located in the
intra-group medium (cyan circles; Stocke et al. 2014),
The formation and physical origin of highly ionized cooling gas 9
5.2 5.4 5.6 5.8 6 6.2 6.4 6.6
log T ML/K
12.5
13
13.5
14
14.5
15
15.5
lo
g 
N
O
VI
v
cool  =   20 km/sec
v
cool  =   50 km/sec
v
cool  =  100 km/sec
v
cool  =  500 km/sec
5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 7
log TML/K
12
12.5
13
13.5
14
14.5
15
15.5
lo
g 
N
N
eV
II
I
v
cool =   20 km/sec
v
cool =   50 km/sec
v
cool =  100 km/sec
v
cool =  500 km/sec
Fig. 6.— Maximum likelihood temperature estimates for O VI and Ne VIII observations. All literature observations with ∆v > 10 kms−1
are included. The data points are color coded to reflect the different studies from which they are collected, as in Figure 5. The gray cross
at the bottom of the left panel show the median 1σ uncertainty associated with TML for O VI. The velocity along x-axis corresponds to
observed line widths for the data and vcool for the model predictions.
exhibit lower column densities and seem to be in higher
temperature than the typical CGM O VI absorbers (blue
squares; Tumlinson et al. 2011). These possible high-
temperature O VI systems tend to occupy the bottom
middle and bottom left corner of Figure 5. The lack of
strong (log O VI > 14.5) absorbers at ∆v . 30 kms−1 is
also a prediction of our model. Any absorber that would
occupy the top left corner of Figure 5, could not be ex-
plained by this model. In these observations, we do not
see any such systems. We also note that the properties
of the O VI line produced by the numerical shock model
agree well with the simple analytic cooling flow model
and with the data.
Figure 5, top right (bottom left) panels show the same
comparison for Ne VIII (N V). The black lines show the
predicted cooling flow column densities for Ne VIII at
log < T > = 5.8 and for N V at log < T > = 5.27 (tem-
peratures at which their fractional abundances are maxi-
mum) without thermal broadening (solid lines) and with
thermal broadening (dashed lines), respectively. The
dotted black lines show the predicted Ne VIII and N V
cooling flow column densities at log < T > = 6.8 and
log < T > = 5.5, respectively. Both Ne VIII and N V
exhibit the correlation of increasing column density with
increasing line width as seen for O VI gas.
It should be noted that for the COS-Halos survey,
out of 26 detected O VI absorbers, only 3 lines of sight
show associated N V absorption (Werk et al. 2013). This
should not be taken as a sign that the CGM of star-
forming L* galaxies have a sub-solar nitrogen/oxygen
ratio. Our model predicts that the typical N V col-
umn densities should be an order of magnitude smaller
than the O VI column densities at similar cooling ve-
locities (see Figure 1). In the COS-Halos survey, the
typical detection threshold is log NX & 13.5. Hence
most of the COS-Halos N V systems that are associated
with O VI absorption would reside below the detection
threshold. All the COS-Halos N V detections are well
explained by our model (Figure 5, bottom left panel).
Moreover, higher signal to noise spectra from the Lehner
et al. (2011) dataset show many more N V detections in
the halo of the Milky Way. The high redshift N V sys-
tems detected by Fox et al. (2009) are associated with
DLAs and broadly agree with our predictions, although
a fraction of those N V absorbers lying above the solid
black curve might be photoionized systems. However,
most of the N V systems in Figure 5 are consistent with
the predictions from a cooling flow model.
Finally, Figure 5, bottom right panel shows the
O VII column density measurements (from X-ray spec-
troscopy), as a function of line widths. The arrows show
the lower limits on column density and line width esti-
mates and the range bars show the acceptable line widths
from curve of growth analysis. Owing to the limits on the
measurements, it is hard to quanify how well the model
and the data agree, but the model predictions are quali-
tatively consistent with the mean trend of the data; with
most of the O VII absorbers falling in the linear regime
of NOV II/∆v plot.
These models qualitatively reproduce the column den-
sity ranges where most of the observations lie for O VI,
Ne VIII, N V, and O VII respectively. The model has
essentially very few free parameters apart from < T >
whose range of allowed values is set by simple physics.
Another feature of this model is that it naturally pre-
dicts the linear proportionality between the observed col-
umn density Nobs and ∆v for all three species. When
∆v  vth, the values of Nobs/∆v are in the linear regime,
and when ∆v & vth, there is a turn over in the ratio of
Nobs/∆v. This can clearly be seen in Figure 5.
The loci of the model predictions as a function of
< T > then encodes information about the values of the
temperature < T >, flow velocity, and column density
of the absorbing gas for each absorbing system. How-
ever, we know that this is an idealized situation, where
we are assuming that the cooling layers are moving with
the same velocity and assume that there are no small
scale motions inside the layers. In reality there might be
turbulent mixing layers inside the cooling flows and there
might be more than one layer of cooling flow along each
line of sight. If these layers are physically close to each
other, they will never be seen at different velocities obser-
10 Bordoloi et al.
vationally. Moreover, as these observed absorption lines
are generally not saturated, they will be linearly added
together and we will infer a wrong cooling velocity if we
simply use their observed line broadening parameter as a
proxy of vcool. In addition, projection effects, non-planar
flows, and other such complexities would contribute to-
wards some of the scatter seen in Figure 5. For simplicity
we will refrain from modeling these effects in this paper.
A useful application of this model is to estimate the
temperature at which bulk of the highly ionized gas
would be created. For an absorber the likelihood of ob-
serving Nobs and line width ∆v given the model can be
written as
L(NX , vcool) ≡ 1
4pi2σ2Nσ
2
v
exp
[−(Nobs −NX)2
2σ2N
]
exp
[−(∆v − vcool)2
2σ2v
] (14)
Here NX is the cooling flow model column density
given by equation 5 and vcool is the cooling velocity (af-
ter accounting for thermal broadening) given by equation
6. σN and σv are measured uncertainties on Nobs and
∆v respectively. To compute the maximum likelihood
temperature (TML) at which bulk of the highly ionized
gas is created we marginalize over vcool and compute the
temperature at which the marginalized L is maximum
(L(TX) =
∫
L(NX(TX , vcool), vcool) dvcool).
Figure 6 shows the maximum likelihood temperature
estimates (TML) for O VI and Ne VIII absorption lines
collected from the literature. The data points mark the
estimated TML for each individual observation, and the
colored lines show the predicted model column densities
at that given temperature for a fixed cooling velocity.
The data points are color coded to reflect the different
observations from which they are obtained, as in Figure
5. For O VI most of the measurements cluster around
log TML ≈ 5.5, which is also the temperature at which
the O VI fractional abundance is maximum. The gas
temperatures of O VI absorbers detected in CGM of L∗
galaxies (blue squares, from the COS-Halos survey), are
estimated to be within 5.4 ≤ log TML < 5.8. The cross
in the bottom right corner of Figure 6 left panel shows
the median 1σ uncertainty associated with the TML esti-
mates. We compute the 1σ uncertainty for each TML
by measuring the temperature range in the marginal-
ized likelihood function which contain 68% of the area
of its likelihood function around TML. The median 1σ
uncertainty for O VI TML estimates is ∼ 0.17 dex. Curi-
ously, we also find a small subsample of O VI absorbers
at log TML > 6 with lower column densities. The blue
cyan circles with log TML > 6 are O VI measurements
from Stocke et al. (2014), who found that these absorbers
are primarily detected around galaxy groups. The open
circles are from the absorption selected O VI survey of
Tripp et al. (2008) and we don’t have any information on
whether they are located in the CGM or IGM. In all cases
we find that O VI systems associated with log TML > 6,
have lower column densities compared to typical O VI ab-
sorbers seen around star-forming L∗ galaxies (e.g. COS-
Halos). Our model predicts that these absorbers are at
higher temperatures as they have low O VI column den-
sities for their observed line widths. For such intra-group
gas, it is plausible that the gas might be prevented from
cooling further and the stronger O VI absorption phase
(seen at 105.5 K) will not arise. Alternatively it is also
possible that we simply happen to observe only a statis-
tically small subsample of O VI absorbers, that have not
yet cooled to a low enough temperature to create 105.5 K
O VI gas. And in future, as the gas cools higher column
density 105.5 O VI systems would also be created there.
Figure 6, right panel shows the TML for the small
number of Ne VIII observations found in the literature.
We find a more scattered distribution of TML, with
most of the absorption lines being consistent with having
log TML > 5.8. As the number of absorbers are small, we
show individual 1σ uncertainties on each TML estimate.
For N V typical TML estimates are between 5.1 <
log TML < 5.6. However, the median uncertainties on
TML are quite large. We find that typical 1σ uncertainty
on N V TML is & 0.5 dex.
We proceed to use the estimated TML for these ions
and compare the column density ratios of a subset of
10 absorbers for which both O VI and Ne VIII absorp-
tion lines were observed. The white squares in Figure
7 show the observed column density ratios of O VI and
Ne VIII absorbers and the difference between their re-
spective maximum likelihood temperatures. The error
bars show the 1σ uncertainty associated with the mea-
surements. Most of the observed O VI absorbers have
slightly higher column densities as compared to Ne VIII
absorbers. Also Ne VIII absorbers are at a higher TML
as compared to O VI. The solid colored lines are model
predictions for O VI and Ne VIII absorption column den-
sities at different temperatures. Different colored solid
lines indicate the temperature at which O VI gas was
created. We find that the model predictions are consis-
tent with the observed column density ratios for these
absorbers.
We conclude that this method allows us to estimate
the temperature of the absorbing gas in an independent
manner. It can also be applied to many other species and
we can predict the typical cooling flow column densities
that could be observed as a function of the temperature
of the cooling gas. In Figure A.2 (Appendix B) we sum-
marize our predictions for O IV, V, VII, C V, Ne V, VI,
Mg X, and Si XII, respectively. Different lines in each
panel represent the predicted column densities for differ-
ent cooling velocities. The different velocity curves are
assuming no thermal motion for this gas. All species
show a maximum cooling flow column density at a tem-
perature where it has maximum fractional abundance.
Some of the species can be observed with HST/COS UV
spectroscopy, whereas some others can be accessed by X-
Ray observations. Particularly for species like Mg X and
O IV, we would be able to start comparing these model
predictions with observations in the coming years, when
new UV absorption line measurements will be published.
6. THE DYNAMICS OF THE COOLING GAS
One application of this model is to independently con-
strain the dynamics of the gas in the cooling flow. In
particular, we can differentiate between the cases where
vcool is subsonic and supersonic. The relevant conserva-
tion equations are given by equations 7, 8 and 9. These
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diagonal dashed line is the sonic line (M =1). Points to the left of
the curve minima are subsonic cooling flows, whereas the points to
the right are supersonic cooling flows. We identify the subsonic re-
gion with radiative shocks, where v∞ represents their shock speed,
and the supersonic region with cooling winds or accretion flows,
where v∞ represents their terminal velocity.
Fig. 9.— Histogram showing the Mach numbers (vcool/Cs) of the
flow associated with each O VI observations with a temperature T .
The bulk of the O VI absorbers are associated with a subsonic
flow with a median Mach number of 0.7. The small fraction of
O VI absorbers associated with supersonic flows are mostly arising
in starburst winds seen down-the-barrel. The histogram is color
coded as in Figure 8.
equations can be combined to yield
Π
M˙
=
RT
v
+ v = v∞. (15)
Thus, for any species, knowing the temperature and the
cooling velocity, we can estimate v∞ associated with that
cooling flow. Recall that, depending on the astrophysical
conditions, v∞ may be the preshock velocity of a radia-
tive shock, or the terminal of a cooling wind or accretion
flow. Figure 8 shows the predictions for v∞ according to
Equation (15) for cooling O VI gas at temperatures rang-
ing from log T = 5.3 to log T = 6.4. To compare with
data, we are showing ∆v along the x-axis, as defined
by equation 6, keeping in mind that v ∼ ∆v ∼ vcool.
The estimated values for v∞ from the O VI absorption
line observations are shown as colored symbols. We can
estimate the values for v∞ for these observations as we
have computed the maximum likelihood temperatures for
these species in section 5. The data points are color coded
as in Figure 5 to identify the source of these measure-
ments. The underlying contours show the distribution
of the O VI velocities as compared to the model predic-
tions. The CGM O VI absorbers from COS-Halos (dark
blue squares) and starburst galaxies (red diamonds), are
in the right part of the diagram, where they follow a lin-
ear relation with v∞. To gain more insight, equation 15
can be rewritten as
v∞ = v[1/(M2) + 1] (16)
Here, M is the Mach number (vcool/Cs) of the cooling
flow at the location with temperature T . We emphasize
that this is the Mach number of the cooling flow, not
the Mach number of a shock or the Mach number given
by the terminal speed of a wind. If M < 1, the cool-
ing flow is the downstream flow of a radiative shock. If
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M > 1, the cooling flow is a cooling galactic winds or
accretion flow. The isotherms in Figure 8 then repre-
sent loci along which the Mach number increases from
the subsonic (upper left) to trans-sonic (near the curves
minima) to supersonic (far right) regimes. In Figure 9,
we show a histogram ofM. We see that the vast majority
of cases are sub-sonic or trans-sonic. These would cor-
respond to gas cooling through the O VI regime behind
a shock, and populate the top left branch in Figure 8.
For these absorbers, the quantity v∞ is the shock veloc-
ity, and the cooling flow is significantly slowed from the
pre-shock velocity (v∞  v). The typical shock veloc-
ities in these systems imply post-shock temperatures of
Tshock ∼ 105.2−5.8 K, high enough to produce O VI. The
O VI absorbers along the upper right branch are in su-
personic cooling flows, mostly arising in starburst winds.
For these absorbers, v∞ corresponds to the terminal ve-
locity of the wind. They are also associated with similar
temperatures as the post-shock temperatures of the sub-
sonic cases. It is important to note, however, that there
may be bulk subsonic cooling flows and subsonic galactic
winds on the top left branch, as well as some post shock
regions in which the cooling of the OVI occurs where the
flow is still supersonic with respect to the O VI sound
speed. The latter arises naturally in thermally overstable
shocks (as we have also found in our simulations), in
which the cooling in the downstream flow is sufficiently
rapid to induce velocity drops that generate secondary
shocks in the cooling layer (Falle 1975).
Observationally, the shock velocity of the Cygnus loop
is found to be & 170 kms−1 (Danforth et al. 2001). This
is shown as the green square in Figure 8 and is consistent
with the model predictions shown as the solid lines.
A remarkable feature of Figure 8 are the minority of
systems on the hot branch at log TML >6. These are
the higher temperature lines found in Lithium-like sys-
tems due to the O VI populated by recombination from
the O VII state. Generally these are from hotter and
therefore more massive systems. The total mass inferred
from these systems would be much larger and would be
dominated by the hotter O VII phase since the fraction of
oxygen in the O VI state is low relative to the cooler O VI
systems. The open and cyan circles that constitute these
hotter systems are found to be associated with the IGM
and groups rather than with the general CGM (Stocke
et al. 2014). This then is a consistent physical picture.
7. CONCLUSIONS
Diffuse gas residing in a warm/hot (T ∼ 105−6 K)
phase is important in many astrophysical contexts, but
until recently it has been extremely difficult to observe.
With the introduction of the HST/COS ultraviolet spec-
trograph, we now have a large enough sample of ab-
sorbers to attempt a unified analysis of all such observa-
tions. In this paper, we showed that O VI, Ne VIII, N V
and, O VII absorption line systems, observed in diverse
environments such as the disk of the Milky Way, Milky
Way halo, starburst galaxies, the circumgalactic medium
and the intra-group medium at low and high redshifts,
can be explained by a simple model where gas radiatively
cools in a flow in collisional ionization equilibrium with
a cooling velocity, vcool.
We collected a representative sample of O VI, Ne VIII,
N V, and O VII absorption line systems from the lit-
erature. Based on our model, the different O VI ab-
sorbers can be divided into two regimes that span over
two decades in column density. The observed O VI col-
umn density linearly increases with line width for broad
(∆v & 30 kms−1) lines and turns over and steepens for
narrower lines.
The cooling flow model presented in this work can qual-
itatively reproduce these observed column densities at
their respective line widths. We associated the line width
with the velocity of the flow at the point where the line is
cooling in, e.g., OVI, and related this to the column den-
sity of the ion. The column densities predicted by this
model are independent of metallicity for any system that
has [O/H] > 0.1[O/H]. For any given highly ionized ab-
sorber at an observed column density and line width, we
compute a maximum likelihood temperature associated
with that absorber.
We were able to simultaneously explain absorption
line systems observed in diverse environments, over a
range of temperature, and covering ions ranging in ion-
ization potential from N V to O VII. This model natu-
rally explained the ubiquitous presence of O VI around
z ∼ 0.2 star-forming L* galaxies, and the surprisingly
small strength of N V around the same set of galaxies in
the COS-Halos survey. We predict that on average O VI
should have an order of magnitude higher column density
than N V. The detection threshold for the COS-Halos
survey is such that most of the associated N V could not
be detected due to lower S/N spectra. Along lines of
sight with higher S/N spectra, probing the halo of the
Milky Way, such N V systems are detected with higher
frequency and are consistent with our model predictions.
This model successfully reproduces the observed col-
umn density ratios of O VI and Ne VIII absorbers. Most
of the observed O VI absorbers have slightly higher col-
umn densities relative to the observed Ne VIII absorbers.
Further, Ne VIII absorbers are created at higher maxi-
mum likelihood temperatures as compared to the O VI
absorbers.
We also predict column densities that can be seen with
other ions such as OIV, V, VII, CV, NeV, VI, Mg X, and
Mg XII. The small number of O VII observations are
consistent with our model predictions. Future observa-
tions using HST/COS spectroscopy for the UV lines, or
X-Ray absorption observations of the highly ionized hot
gas will allow us to constrain this model further and test
the origin of such absorption line systems.
Using the conservation equations for the cooling flow,
we studied the detailed physics of the line formation in
CIE as a function of temperature and showed that the
temperature change across the line (∆T/T ) is fixed and
of order O(1). At the same time, we have shown that
the cooling velocity vcool, which contributes to the line
width ∆v, is a good approximation to the flow veloc-
ity in the cooling region, and that this is valid for both
subsonic and supersonic cooling flows. These approxima-
tions were confirmed with hydrodynamic simulations of
radiative shocks. It is this estimate for vcool through the
line width that is robustly direct from the observations
that allows Ncool to be estimated. These column densi-
ties are valid for general cooling flows, which is why the
analysis explains the data so well.
We interpreted subsonic cooling flows as cooling layers
in a radiative shock, and supersonic cooling flows as cool-
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ing galactic winds or accretion flows, and wrote down the
relationship between the shock or terminal velocity (v∞),
and the temperature and cooling velocity (or line width)
of the cooling flow. Thus, our model also enabled us to
independently constrain the dynamics of the cooling gas
by computing the shock or terminal velocities associated
with such flows at the maximum likelihood temperature
of the O VI absorbers. We confirmed the existence of
both subsonic and supersonic cooling flows in the obser-
vations. The absorption structures we observe associated
with shocks are likely two dimensional sheet like struc-
tures. The absorbers associated with supersonic cooling
flows are mostly down-the-barrel observations of galactic
winds and of the CGM around star-forming galaxies.
Our picture is that the CGM is a complex non-
equilibrium system with a fractal like multiphase medium
and with strong entropy flows due to heating, cooling and
other feedback processes. Despite such complexities, we
have invoked simple idealized calculations to gain useful
insight into the formation and dynamics of highly ionized
gas. The merit of the simple model presented here is that
in general the observations of O VI and similar highly ion-
ized absorption lines can be explained by assuming that
they arise in collisionally ionized gas with flow speeds of
order the speed of sound. The implications are that the
data are pointing to cooling flows and shocks (see Fig-
ure 8), including cooling feedback outflows and cooling
accretion inflows and shocks where the gas is returning to
the galaxy in the general CGM circulation. Our analy-
sis also gives a simple physical picture that modelers can
incorporate and that observers can use in their analysis.
The future challenge will be to undertake large surveys of
higher ionization species (such as Ne VIII and Mg X )in
absorption and deduce constraints on galaxy formation
and CGM gas flows. Simultaneously, the next generation
of integral field spectrographs such as MUSE and KCWI,
will allow imaging of the gas structures we have inferred
from the absorption line data. The next step is to in-
corporate these new data systematically into this type of
analysis and then design better and cleaner observational
diagnostics.
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APPENDIX
COS SPECTRUM
The HST-COS spectrum of a pair of new Ne VIII and O VI absorption lines and the associated Voigt profile fits are
shown in Figure A.1 . This was observed along QSO J1154+4635 under HST PID 13852 (PI: Bordoloi). The Voigt
profile fitted column densities and line widths for O VI are log NOV I/cm
−2 = 14.71±0.03, and bOV I = 99 ± 11 kms−1;
for Ne VIII are log NNeV III/cm
−2 = 14.65±0.08, and bNeV III = 187 ± 39 kms−1; and for H I are log NHI/cm−2 =
16.73±0.02, and bHI = 39 ± 1 kms−1, respectively.
COOLING FLOW COLUMN DENSITY PREDICTIONS FOR SEVERAL SPECIES
In Figure A.2, we present the cooling flow model column density, temperature predictions for several species for
which we do not compare the model to the data.
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Fig. A.2.— Cooling flow column density estimates for various ionized species as a function of their corresponding cooling temperature.
Different lines represent different cooling flow velocities.
